Introduction
============

TDP-43 ([T]{.ul}AR [D]{.ul}NA-binding [p]{.ul}rotein) is a DNA/RNA-binding protein, ubiquitously expressed in various tissues and highly conserved in mammals and invertebrates ([@B1]). TDP-43 has multiple cellular functions, such as serving as a transcriptional repressor for HIV-1 TAR sequences ([@B2]), mouse *acrv1* gene ([@B3], [@B4]), and human *Cdk6* gene ([@B5]) and functioning as a splicing factor promoting the pre-mRNA exon skipping or inclusion of cystic fibrosis transmembrane conductance regulator ([@B6], [@B7]), apolipoprotein A-II ([@B8]), and survival of motor neuron (SMN2) ([@B9]). TDP-43 has also been reported to play a role in mRNA transportation ([@B10]), mRNA translation regulation ([@B11]--[@B13]), micro-RNA processing ([@B14]), and is associated with stress granules ([@B15], [@B16]).

Apart from its various functions in the nucleus and cytoplasm, TDP-43 has been the focus of extensive studies since it was identified as the major pathological protein in the cellular inclusions in amyotrophic lateral sclerosis and frontotemporal lobar degeneration ([@B17], [@B18]). The pathology of TDP-43 has also been characterized in various neurodegenerative disorders, including Alzheimer, Parkinson, and Huntington diseases ([@B19]--[@B21]). The disease form of TDP-43 is hyperphosphorylated, ubiquitinated, and proteolytically cleaved into C-terminal fragments (CTFs)[^3^](#FN4){ref-type="fn"} of ∼25 kDa. The pathogenic TDP-43 inclusions comprise granular and filamentous structures, but they cannot be stained by the amyloid-binding dye, such as thioflavin T and Congo red ([@B22], [@B23]). Recent studies further showed that the 25-kDa CTFs of TDP-43 form insoluble cytoplasmic aggregates ([@B24]) and toxic inclusions in cell lines ([@B25], [@B26]). Moreover, the amount of TDP-43 CTFs that accumulated in a cell correlated with disease progression in transgenic mice, suggesting that the accumulation of aberrant TDP-43 CTFs may lead to neuronal dysfunction ([@B27]).

The domain structure of TDP-43 is similar to the heterogeneous nuclear ribonucleoprotein ([@B28]), consisting of an N-terminal domain (NTD) and two tandem RNA recognition motifs (RRM1 and RRM2), followed by a C-terminal glycine-rich region (Gly) (see [Fig. 1](#F1){ref-type="fig"}*A*). TDP-43 forms homodimers, and the RNA recognition motifs are involved in DNA and RNA binding ([@B29]--[@B31]). Previous studies in TDP-43 proteinopathies and aggregation mainly focused on the glycine-rich region because most of the TDP-43 mutations in amyotrophic lateral sclerosis are located in this region. Indeed, it has been shown that the amyotrophic lateral sclerosis-linked TDP-43 mutations at the glycine-rich region are more prone to forming aggregates with increased toxicity ([@B32], [@B33]), and a small peptide (residues 287--332) in this region can form twisted fibrils *in vitro* ([@B34]).

However, not much is known about the involvement of the TDP-43 RRM2 domain in protein aggregation, although previous cell line studies suggest that the C-terminal part of RRM2 is required for aggregation ([@B26], [@B35], [@B36]). The crystal structure of TDP-43 RRM2 shows that it has a fold composed of two α-helices packed against a five-stranded β-sheet with a β2-β3-β1-β5-β4 topology ([@B31]). The pathogenic C-terminal fragments of TDP-43 are likely generated by the processing at the sites of Arg-208 (residues 209--414) ([@B24]) or Asp-219 (residues 220--414) ([@B37]--[@B39]). The processing of TDP-43 at these sites removes the β1-strand and α1-helix in RRM2 and thus may disrupt the folding of this domain. Because a broad range of amyloidoses and neurodegenerative diseases are initiated by protein misfolding or unfolding ([@B40], [@B41]), whether RRM2 plays a central role in TDP-43 aggregation poses an intriguing question.

To understand how the functional TDP-43 is folded and how the processed TDP-43 is aggregated, we used biochemical and biophysical approaches, including GST pulldown assays and small angle x-ray scattering (SAXS), to study the domain assembly of TDP-43. We found that TDP-43 formed a homodimer via its N-terminal domain, and the RRM2 domain was flanked outward. The truncated RRM2 formed fibrils *in vitro* and played a key role in forming inclusions *in vivo*. We therefore propose a model whereby the processing of a dimeric TDP-43 leads to protein disassembly and misfolding, resulting in CTF inclusions.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Cloning, Expression, and Purification

The cDNA of NTD-RRM12 (residues 1--265), NTD (1--100), RRM1 (101--191), and RRM2 (192--265) was amplified from the human *TARDBP* gene and inserted into the BamHI/HindIII sites in the pQE30 vector (Qiagen) for the expression of the N-terminal His-tagged recombinant proteins. The cDNA of NTD-RRM12 was cloned into the BamHI/NotI sites of the pGEX-4T-1 vector (GE Healthcare) for the expression of the N-terminal glutathione *S*-transferase tagged NTD-RRM12 (GST-NTD-RRM12). The plasmids were transformed into the *Escherichia coli* M15 strain cultured in LB medium supplemented with 100 μg/ml ampicillin for protein expression. The bacteria were cultured at 37 °C for 4 h and then induced by 0.8 m[m]{.smallcaps} isopropyl 1-thio-β-[d]{.smallcaps}-galactopyranoside at 18 °C for 22 h. The cell extracts containing the His-tagged NTD-RRM12 were applied to a nickel-nitrilotriacetic acid affinity column (Qiagen) equilibrated with 100 m[m]{.smallcaps} NaCl, 10 m[m]{.smallcaps} β-mercaptoethanol, and 50 m[m]{.smallcaps} phosphate buffer at pH 7.5. The protein samples were further purified by a HiTrap heparin column (GE Healthcare) followed by a Superdex 200 gel filtration column (GE Healthcare). The GST-NTD-RRM12 fusion protein was purified by glutathione-Sepharose beads (GE Healthcare).

#### GST Pulldown Assays

The GST-tagged NTD-RRM12 protein sample in 10 m[m]{.smallcaps} β-mercaptoethanol, 100 m[m]{.smallcaps} NaCl, and 50 m[m]{.smallcaps} phosphate buffer (pH 7.5) was incubated with glutathione-Sepharose beads (GE Healthcare) for 1 h at 4 °C before it was mixed overnight with the His-tagged NTD-RRM12, NTD, RRM1, and RRM2, respectively. The beads were washed extensively to remove nonspecific binding proteins and then eluted with buffer containing 10 m[m]{.smallcaps} reduced glutathione. The eluted samples were collected and separated using 12.5% SDS-PAGE and transferred onto a PVDF membrane for Western blotting. GST-tagged NTD-RRM12 and His-tagged TDP-43 proteins were probed with anti-GST and anti-His antibodies (Novagen), respectively. Protein bands were detected by chemiluminescence with an ECL luminescence kit (Amersham Biosciences) and visualized by luminescence image analyzer Fuji LAS-1000plus (Fujifilm).

#### SAXS

Fresh protein samples collected from the gel filtration chromatography were used for SAXS in a buffer of 150 m[m]{.smallcaps} NaCl, 10 m[m]{.smallcaps} β-mercaptoethanol and 50 m[m]{.smallcaps} phosphate at pH 7.6. Protein solutions were loaded into a 3-mm mica 4-loading rocking cell with kapton windows. The SAXS data were recorded at BL23A, National Synchrotron Radiation Research Center, Hsinchu, Taiwan. The sample-to-detector distance was 2.4 m for NTD-RRM12 using x-ray of a wavelength of 1.03 Å (12 keV) and 2.9 m for GST-NTD-RRM12 of a wavelength of 0.88 Å (14 keV) to cover the scattering vector (*q*) ranging from 0.007 to 0.31 Å^−1^, where *q* = 4πsinθ/λ. The *q* axis was calibrated by the scattering pattern of silver-behenate salt. The exposure time (100 to 300 s) was optimized so as to exclude the interference of protein aggregations resulting from radiation damage.

A series of scattering curves were collected with various concentrations of protein samples ranged 2∼5 mg/ml. SAXS data were analyzed by the ATSAS program suite (version 2.4) ([@B42]). Composite scattering curves were scaled and merged by program PRIMUS ([@B43]). Radius of gyration was initially computed by the Guinier approximation as implemented in PRIMUS with the criteria of *qR~g~* \< 1.3 and subsequently calculated by the distance distribution functions *P*(*r*). The maximum intramolecular distance (*D*~max~) and *P*(*r*) function were determined by GNOM ([@B44]). The *R~g~* calculated from the Guinier plots were in consistent with the values derived from the *P*(*r*) function ([supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M112.438564/DC1)). For *ab initio* low resolution structures, molecular shapes were computed with the program DAMMIN ([@B45]) and GASBOR ([@B46]) with default settings and a 2-fold symmetry. Both calculations generated similar molecular envelopes. The calculated dummy atom model curve fitted well with the experimental scattering curves (data not shown). Due to the lacking of the structure of NTD, rigid-body modeling of an overall low-resolution structure cannot be performed. The available NMR structure of RRM1 and crystal structures of RRM2 and GST (PDB codes [2CQG](2CQG), [3D2W](3D2W), and [1UA5](1UA5)) were manually placed into the SAXS envelope.

#### In Vitro Fibril Formation and EM

Peptides of TDP-43 fragments, truncated RRM2 (residues 208 to 265), β1(RKVFVGR), β2 (MDVFIPKPF), β3 (RAFAFVT), β4 (GEDLII), β5 (ISVHISN), and D1s (FGAFSIN) were synthesized (MDBio, Inc.). Peptide solutions in 20 m[m]{.smallcaps} phosphate buffer (pH 7) were centrifuged for 5 min at 16,100 × *g* and filtered through a 0.22-μm filter (Millipore) to remove insoluble material. The protein samples were set aside at room temperature, and fibrils appeared in 2 to 3 weeks. The fibril solution (2 μl) was placed on 300-square-mesh carbon-coated, glow-discharged grids (Electron Microscopy Science). The grid was washed six times with water before staining with 0.75% uranyl formate for 1 min. After air drying, the peptide fibrils on the grid were examined by transmission electron microscopy Tecnai G2 Spirit TWIN (FEI Company) at 120 kV.

#### Circular Dichroism (CD) Measurements

All far-UV CD spectra were recorded on the Aviv circular dichroism spectrometer MODEL 400, using a quartz cell with 1-mm path length. Protein solutions were diluted with 50 m[m]{.smallcaps} phosphate buffer (pH 7.5) to give the same protein concentrations of 30 μ[m]{.smallcaps} in a total volume of 300 μl. Each spectrum was taken at a specific temperature with three scans ranging from 260 to 195 nm. The final spectra were represented by mean residue ellipticity (θ) in deg·cm^2^·dmol^−1^. Thermal denaturation experiments were carried out by raising the temperature from 25 to 85 °C in 1-degree intervals with a 0.5-min equilibration time at each temperature. The structural changes were monitored at a wavelength of 208 nm for NTD-RRM12 and 218 nm for RRM2 and truncated RRM2 (tRRM2).

#### Thioflavin T (ThT) Binding Assays and Anti-amyloid Fiber Dot Blotting

The fluorescence of fibril samples in the presence of 100 μ[m]{.smallcaps} thioflavin T was measured in 20 m[m]{.smallcaps} phosphate buffer at pH 7. The ThT solution was freshly prepared and filtered through a 0.22-μm filter before use. The fibril solutions and ThT solution were mixed in a 1:1 ratio for 5 min at room temperature. Samples were excited at 442 nm, and the fluorescence emission intensity was recorded from 455 to 600 nm using a Carv Eclipse Fluorescence Spectrophotometer (Varian).

Aβ fibrils used for the positive control were prepared as described previously ([@B47]). TDP-43 fibril samples and Aβ fibrils (2 μl) were applied to a nitrocellulose membrane and allowed to air dry. Nonspecific binding was blocked by incubation with 5% nonfat milk in TBST solution at room temperature for 30 min. After a brief wash with the TBST buffer of 50 m[m]{.smallcaps} Tris, 150 m[m]{.smallcaps} NaCl, and 0.05% Tween 20 (pH 7.6), the membrane was dipped into 5% milk-TBST with anti-amyloid fibril OC antibody (Millipore) and incubated with gentle shaking for 1 h, followed by washing with TBST. Blots were then incubated with anti-rabbit antibody (Amersham Biosciences) for 1 h, washed three times with TBST, developed by the ECL luminescence kit t8 (Amersham Biosciences), and visualized using the luminescence image analyzer Fuji LAS-1000plus (Fujifilm).

#### Cell Transfection

The full-length cDNA were cloned into XhoI/XbaI sites of expression vector pEGFPC1 (Clontech) using the following primers: 5′-AGAT[CTCGAG]{.ul}CGTCTGAATATATTCGGGTAACC-3′ and 5′-TTA[TCTAGA]{.ul}CTACATTCCCCAGCCAGAA-3′ (XhoI and XbaI restriction sites are *underlined*). The different TDP-43-truncated forms, RRM2-GFP (192--265), RRM2-G-GFP (192--414), tRRM2-GFP (208--265) and tRRM2-G-GFP (208--414), and G-GFP (266--414) were generated using two of the following primers: 192 (5′-GTA[CTCGAG]{.ul}ATAAAGTGTTTGTGGGGCGCT-3′), 265 (5′-CAT[TCTAGA]{.ul}ATTGTGCTTAGGTTCGGCAT-3′), 266 (5′-GTA[CTCGAG]{.ul}TAAGCAATAGACAGTTAGAAAGAAG-3′), and 414 (5′-CAT[TCTAGA]{.ul}CTACATTCCCCAGCCAGAA-3′). All of the plasmid products were checked by DNA sequencing.

The N2A cells were maintained in minimum essential medium supplemented with 10% FBS, 1% penicillin/streptomycin, and sodium pyruvate at 37 °C. The cells were subcultured every 2 days and seeded on coverslips in six-well plates that were coated overnight with 0.5% gelatin. A total of 4 × 10^5^ cells on the coverslip were transfected using PolyJet^TM^ (SignaGen) according to the manufacturer\'s instructions. The transfected cells were then fixed with 4% (w/v) paraformaldehyde in PBS for 15 min and then permeated with 0.1% (w/v) Triton X-100 in PBS for 5 min. After permeabilization, the fixed cells were blocked with 5% (w/v) donkey serum in PBST for 1 h and then incubated with TDP-43 rabbit polyclonal antibody (1:500; Protein Tech) in PBST at 4 °C overnight. After three washes with PBST, the cells were incubated with 4′,6-diamidino-2-phenylindole (DAPI) (1:500; Sigma) to detect the DNA in the nucleus and also incubated with the secondary antibody 488-conjugated goat anti-rabbit IgG (1:500; Molecular Probes) for 1 h. After three PBST washes, the coverslips were mounted with VECTASHIELD Mounting Medium (Vector Laboratories). The cells were photographed along the *z* axis using a Zeiss laser confocal microscope (LSM510 Meta). After photographing, the number of cells with a GFP-positive signal was calculated by Laser Scanning Microscopy ZEN 2009 (Carl Zeiss Microscopy). The number of cells with an aggregation-positive signal was normalized using the GFP-positive cell number. The different aggregation ratios were analyzed by Student\'s *t* test.

RESULTS
=======

### 

#### TDP-43 Forms an Elongated Homodimer via Its N-terminal Domain

To reveal how TDP-43 is folded as a functional protein, a number of N-terminal His-tagged TDP-43 constructs were expressed in *Escherichia coli* and purified to a high homogeneity, including the Gly-rich region truncated TDP-43 (named NTD-RRM12, residues 1--265), NTD (1--100), RRM1 (101--181), and RRM2 (192--285). The Gly-rich region was removed in NTD-RRM12 because this random coil region was unstable and degraded with time ([Fig. 1](#F1){ref-type="fig"}*A*). The NTD-RRM12 had a molecular mass of ∼63 kDa as estimated by size exclusion chromatography ([Fig. 1](#F1){ref-type="fig"}*B*) and dynamic light scattering (data not shown) close to the calculated molecular mass of a homodimer (63.72 kDa). The estimated molecular masses of NTD-RRM12 were decreased with reduced protein concentrations: 62 kDa (100% dimers) in 0.5 mg/ml and 49 kDa (54% dimers) in 0.01 mg/ml (∼300 n[m]{.smallcaps}) (see [Fig. 1](#F1){ref-type="fig"}*B*). This result suggests that NTD-RRM12 is a stable homodimer with a dissociation constant of ∼300 n[m]{.smallcaps}.

![**TDP-43 forms an elongated homodimer via its N-terminal domain.** *A*, TDP-43 has four domains: an NTD (*N*), two tandem RNA recognition motifs (RRM1 and RRM2), and a C-terminal glycine-rich (*G*) region (*C*). *B*, gel filtration profiles of NTD-RRM12 show that NTD-RRM12 (0.5 mg/ml) was a homodimer with an estimated molecular mass of 63 kDa (calculated molecular mass of NTD-RRM12 monomer, 31,860 Da). At low concentrations, NDT-RRM12 dimers dissociated partially into monomers with shifted peaks. The buffer solution was 50 m[m]{.smallcaps} NaHPO~4~, 100 m[m]{.smallcaps} NaCl, and 10 m[m]{.smallcaps} β-mercaptoethanol (pH 7.5). *C*, RRM1 (1 mg/ml, calculated molecular mass, 12,396 Da) and RRM2 (1 mg/ml, calculated molecular mass, 10,169 Da) were monomers with molecular masses of 9.5 and 11 kDa, respectively. *D*, GST pulldown assays show that the GST-NTD-RRM12 could pull down the His-tagged NTD-RRM12 and NTD, but not RRM1 and RRM2. *E*, the *ab initio* envelope of NTD-RRM12 generated from SAXS data reveals the elongated structure with three domains in each subunit of the dimer. The domain structures of RRM1 and RRM2 (PDB codes [2CQG](2CQG) and [3D2W](3D2W)) were manually fitted into the envelope.](zbc0161343600001){#F1}

The NTD also formed a homodimer with an estimated molecular mass of 27 kDa; nevertheless, RRM1 and RRM2 were monomers with estimated molecular masses of 9.5 and 11 kDa by size exclusion chromatography ([Fig. 1](#F1){ref-type="fig"}*C*). GST pulldown assays further revealed that the GST-tagged NTD-RRM12 was capable of pulling down the His-tagged NTD-RRM12 and NTD, but not RRM1 or RRM2 ([Fig. 1](#F1){ref-type="fig"}*D*). Taken together, these results suggest that NTD-RRM12 forms a homodimer mainly via NTD.

To clarify the domain arrangement of TDP-43, SAXS was performed to obtain the *ab initio* molecular envelope of NTD-RRM12. The measurements revealed an elongated molecular envelope of a size of 135 × 65 × 60 Å^3^ with three bulged regions in each half of the dimeric envelope ([Fig. 1](#F1){ref-type="fig"}*E*). The three bulged regions could be manually fitted with the three globular domains of TDP-43, *i.e.* NTD, RRM1 (PDB code [2CQG](2CQG)), and RRM2 (PDB code [3D2W](3D2W)). SAXS analysis was also performed for the N-terminal GST-tagged NTD-RRM12 ([supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M112.438564/DC1)). Superimposition of the two envelopes revealed an additional GST domain located next to the NTD, thereby confirming that TDP-43 formed an elongated dimer primarily via the NTD, with the RRM2 domain flanked at two sides.

#### Truncated RRM2 Forms Amyloid-negative Fibrils

Based on the SAXS model of TDP-43, the NTD is important for dimerization. Therefore, removal of the N-terminal part of TDP-43 by the processing at Arg-208 and Asp-219 may disrupt TDP-43 dimer formation and reveal a surface in RRM2 necessary for protein aggregation. To examine whether the truncated RRM2 may participate in aggregate formation, tRRM2 (residues 208--265), was synthesized for thermal denaturation and fibril formation studies. In contrast to the dimeric NTD-RRM12 that had a melting point of 50.5 °C, RRM2 and tRRM2 had unusual thermal stability and retained secondary structures up to 85 °C as monitored by circular dichroism ([Fig. 2](#F2){ref-type="fig"}). This result suggests that the RRM2 and tRRM2 formed a highly stable structure resistant to thermal denaturation, a feature that has been observed in prion proteins ([@B48]).

![**The TDP-43 RRM2 domain and the truncated tRRM2 domain were resistant to thermal denaturation.** *A--C*, thermal denaturation of NTD-RRM12 (residues 1--265), RRM2 (residues 192--265), and tRRM2 (residues 208--265) was assayed by circular dichroism from 25 to 85 °C in 50 m[m]{.smallcaps} phosphate buffer at pH 7.5. *D*, the melting point was 50.5 °C for NTD-RRM12, monitored at a wavelength of 218 nm. RRM2 and tRRM2 were not melted at temperature as high as 85 °C as monitored at a wavelength of 208 nm.](zbc0161343600002){#F2}

The tRRM2 peptides were further incubated in phosphate buffers at room temperature for 3 weeks. As revealed by negative stain electron microscopy, tRRM2 formed long well structured three-dimensional fibril bundles (\>2 μm) with a fibril diameter of ∼10 nm, similar in size to the ∼11-nm diameter of the pathogenic TDP-43 fibrils ([@B22]) ([Fig. 3](#F3){ref-type="fig"}). To further test which β strand in RRM2 might contribute to fibril formation, each β strand of RRM2, including β1 (RKVFVGR), β2 (MDVFIPKPF), β3 (RAFAFVT), β4 (GEDLII), and β5 (ISNHISN), was synthesized for fibril formation studies. A 40-amino acid peptide D1 in the Gly-rich region of TDP-43 has been shown to form fibrils in phosphate buffers ([@B34]). A shorter D1s peptide (^313^FGAFSIN^319^) was thus synthesized for a positive control, based on the prediction of amyloidogenic regions using WALTZ ([@B49]). After incubation in the phosphate buffer for 2 weeks, two β-strands, β3 and β5, formed long straight sheet-like fibrils with a diameter of 5 to 7 nm ([Fig. 3](#F3){ref-type="fig"}, *D* and *E*). In contrast, β1, β2, and β5 did not form fibrils, whereas D1s formed thicker and twisted fibrils with a diameter of ∼11 nm ([Fig. 3](#F3){ref-type="fig"}*F*).

![**The truncated RRM2 domain of TDP-43 forms fibrils.** *A*, the TDP-43 protein is processed at Arg-208 and Asp-219 (indicated by *scissors*) within RRM2 to generate the pathogenic C-terminal fragments. *B*, the crystal structure of the RRM2 domain (PDB code [3D2W](3D2W)) reveals a five-stranded β-sheet packed against two α-helices. The C-terminal pathogenic fragment (208--265) is displayed in *blue*, and the N-terminal cleaved region (192--207) is displayed in *gray. C*, the truncated tRRM2 forms fibril bundles with a fiber diameter of 10 nm. *D* and *E*, the β3 (residues 227--233) and β5 (residues 253--259) form thin fibrils with a diameter of 5--7 nm. *F*, the D1s peptide in the Gly-rich region (residues 313--319) forms twisted straight fibrils with a diameter of ∼11 nm. *G*, ThT fluorescence assays showed that Aβ (amyloid β-peptides 1--40) fibrils (∼0.3 mg/ml) had a fluorescence emission signal, whereas β3 and β5 fibrils (∼2.5 mg/ml) had no signal, and tRRM2 fibrils had a weak signal, indicting a weak binding to the ThT dyes (100 μ[m]{.smallcaps}). *H*, Aβ, β3 and β5, and tRRM2 fibril solutions were dipped onto a nitrocellulose membrane to perform dot blotting assays. The samples were probed by amyloid fiber structure-specific antibody, OC. Only the Aβ sample can be recognized by anti-OC, whereas β3, β5, and tRRM2 fibrils cannot be blotted by OC antibodies. Fluorescence intensity is given in arbitrary units (*A.U.*).](zbc0161343600003){#F3}

The pathogenic TDP-43 fibrils extracted from patient brains have a unique feature: they cannot be stained by amyloid-detecting dyes, such as ThT ([@B50]). To determine whether the peptide fibrils shared similar properties to those of pathogenic fibrils, the filamentous solutions of tRRM2, β3, and β5 were tested for the binding of ThT and the structure-specific anti-amyloid fibril OC antibodies, using the Aβ amyloid fibril as a positive control ([Fig. 3](#F3){ref-type="fig"}, *G* and *H*) ([@B51]). In contrast to Aβ amyloid fibrils, tRRM2, β3, and β5 fibrils could not be stained, or were only weakly stained, by ThT, and none of them was immunoreactive for amyloid-specific antibodies, suggesting that these fibrils share similar amyloid-negative properties with those pathogenic TDP-43 inclusions.

#### Truncated RRM2 Plays a Key Role in Forming Cytoplasmic Inclusions

To corroborate the finding that the truncated RRM2 might play an important role in inclusion formation, the GFP-tagged TDP-43 fragments containing either RRM2 or tRRM2 with or without a Gly-rich region, were expressed in mouse neuroblastoma N2a cells ([Fig. 4](#F4){ref-type="fig"}). The expression of each protein in N2a cells was verified by Western blotting (data not shown). In addition to the GFP control, the full-length TDP-43 (1--414) and RRM2 (192--265) were expressed in a diffuse pattern in cells. In contrast, cytoplasmic inclusions were observed in the cells expressing RRM2-G (192--414), tRRM2-G (208--414), tRRM2 (208--265), and G (266--414). The ratio of cells with inclusions *versus* those without was calculated based on a total of 300 to 400 cells. The full-length TDP-43 (1%) and RRM2 (1%) aggregated only at low levels. The tRRM2 (43%) and Gly-rich region (25%) alone were capable of forming inclusions, and combining the two regions, the pathogenic fragment tRRM2-G had the highest aggregation ratio (60%). Comparing the ratio of RRM2 (1%) *versus* tRRM2 (43%), as well as RRM2-G (22%) *versus* tRRM2-G (60%) clearly demonstrated that the truncated RRM2 significantly increased the ratio of inclusions by 43 and three times, respectively, when compared with those with the intact RRM2. These results suggest that both the tRRM2 and Gly-rich regions contribute to inclusion formation with the truncated RRM2 domain likely playing a primary role.

![**The truncated tRRM2 domain and Gly-rich region in TDP-43 form cytoplasmic inclusions in neuronal cells.** *A*, different constructs were made for the expression of the GFP-fused TDP-43 fragments. *B*, confocal micrographs of Neuro2a cells expressing various GFP-tagged TDP-43 fragments. The N2A cells expressing GFP, full-length TDP-43 and RRM2 exhibited diffuse patterns of expression whereas the cells expressing RRM2-G, tRRM2-G, tRRM2, and G had inclusions in the cytoplasm. The *scale bar* is 10 μm. *C*, the magnified view of the inclusions in the cells expressing tRRM2 (*green* inclusions as RRM2 domain was only weakly stained with TDP-43 antibodies). *D*, magnified view of the inclusions in the cells expressing tRRM2-G (*yellow* inclusions as merged from *green* GFP and *red* TDP-43). The inclusions were located in the cytoplasm right above the nucleus as further confirmed by three-dimensional sections (data not shown). *E*, the ratio of cells with aggregates verses without was calculated for a total of 300--400 cells per construct.](zbc0161343600004){#F4}

DISCUSSION
==========

Based on this study, we conclude that TDP-43 functions as an elongated homodimer with a head-to-head arrangement primarily through the interactions between regions of the NTD. We cannot exclude the possibility that the C-terminal glycine-rich region may contribute to or interfere with dimerization; yet, our data here show that TDP-43 without the glycine-rich C-terminal tail is sufficient in forming a stable homodimer.

TDP-43 forms dimers in the absence of bound RNA, a property that is different from the heterogeneous nuclear ribonucleoprotein superfamily protein heterogeneous nuclear ribonucleoprotein A1, which forms dimers only when bound with single-stranded DNA or RNA ([@B52]). Nevertheless, it is possible that TDP-43 may form a more stable dimer with bound RNA. Moreover, TDP-43 exhibits a novel domain organization that has not been observed in proteins with tandem RRM domains ([@B53]). TDP-43 binds to UG repeats up to a length of 15 nucleotides ([@B54]). As the binding length of a single RRM domain ranges from two to eight nucleotides ([@B53]), the dimeric conformation of TDP-43 may be critical for its recognition of RNA with long UG repeats, which are preferentially expressed in brain ([@B55]).

The proteolytic cleavage of TDP-43 within RRM2 removes the NTD for dimerization and therefore disrupts the dimeric assembly. The glycine-rich region in the processed TDP-43 forms aggregates in cultured neuronal cells and *in vitro* ([@B24], [@B34], [@B56], [@B57]). Here, we further narrow down the fibrogenesis region to a short peptide region (residues 313--319). Apart from the glycine-rich region, we show here that the truncated RRM2, but not the intact RRM2, is also capable of forming fibrils *in vivo* and *in vitro*. Two β-strands within RRM2, β3 and β5, are particularly prone to fibril formation, forming two-dimensional sheet-like fibrils, in a way resembling that of the protofilaments of amyloid fibrils ([@B58]). The truncated RRM2 are packed into long thicker three-dimensional fibril bundles, indicating that not only the aggregation-prone segments are important but also the overall three-dimensional structure of RRM2 is critical for the formation of large filaments.

The proteolytic processing in RRM2 removes the β1 strand located in the center of the β-sheet and generates a highly stable misfolded truncated RRM2 with abnormally exposed β3 and β5 strands ([Fig. 5](#F5){ref-type="fig"}). It is possible that the process that disrupts the dimeric structure, such as the proteolytic processing within the RRM2 domain ([@B24], [@B37]--[@B39]), may lead to protein disassembly and misfolding. Environmental changes, such as oxidative stress ([@B59]), RNA depletion ([@B60]), or TDP-43 overexpression may also induce protein disassembly. The unassembled misfolded TDP-43 may form β-structures via these abnormally exposed β-strands in the RRM2 domain and potentially in the Gly-rich region similar to those of amyloid cross-β-structures ([@B41]). Nevertheless, the aggregated β-structures of TDP-43 have a unique structure that cannot be stained by amyloid-specific dyes or antibodies. Our study here thus provides a molecular foundation to understand how TDP-43 is folded into a functional homodimer and suggests a plausible mechanism to explain how this protein is misfolded and linked to TDP-43 proteinopathies.

![**Misfolding of TDP-43 by the processing within the RRM2 domain.** *A*, the proteolytic processing within the RRM2 disrupts the dimeric structure of TDP-43 and produces truncated RRM2 fragments that can oligomerize into high-order inclusions. *B*, the truncated RRM2 fragments without the β1 strand located in the center of the β-sheet are misfolded with abnormally exposed β3 and β5 strands and Gly-rich region that may be further assembled into oligomers.](zbc0161343600005){#F5}

This work was supported by research grants from Academia Sinica (to H. Y. and J. C. K. S.) and the National Science Council (Taiwan) (to H. Y. and J. C. K. S.).

This article contains [supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M112.438564/DC1).

The abbreviations used are: CTFC-terminal fragmentNTDN-terminal domainRRMRNA recognition motifSAXSsmall angle x-ray scatteringPDBProtein Data BankThTthioflavin TtRRM2truncated RRM2.

We thank the IMB Electron Microscope Facility for technical assistance with the EM, and the BL-23A beamline in the National Synchrotron Radiation Research Center for SAXS data collection and analysis.

[^1]: Both authors contributed equally to this work.
